Dimethyldodecylamine-N-oxide (DDAO) has only one polar atom that is able to interact with water. Still, this surfactant shows very hydrophilic properties: in mixtures with water, it forms normal liquid crystalline phases and micelles. Moreover, there is data in the literature indicating that the hydration of this surfactant is driven by enthalpy while other studies show that hydration of surfactants and lipids typically is driven by entropy. Sorption calorimetry allows resolving enthalpic and entropic contributions to the free energy of hydration at constant temperature and thus directly determines the driving forces of hydration. The results of the present sorption calorimetric study show that the hydration of liquid crystalline phases of DDAO is driven by entropy, except for the hydration of the liquid crystalline lamellar phase which is co-driven by enthalpy. The exothermic heat effect of the hydration of the lamellar phase arises from formation of strong hydrogen bonds between DDAO and water. Another issue is the driving forces of the phase transitions caused by the hydration. The sorption calorimetric results show that the transitions from the lamellar to cubic and from the cubic to the hexagonal phase are driven by enthalpy. Transitions from solid phases to the liquid crystalline lamellar phase are entropically driven, while the formation of the monohydrate from the dry surfactant is driven by enthalpy. The driving forces of the transition from the hexagonal phase to the isotropic solution are close to zero. These sorption calorimetric results are in good agreement with the analysis of the binary phase diagram based on the van der Waals differential equation. The phase diagram of the DDAO-water system determined using DSC and sorption calorimetry is presented.
Introduction
During hydration of surfactants, two types of processes can take place: uptake of water by a single phase (when properties of the phase change continuously with gradual addition of water) and uptake of water with a phase transition (for example, when the addition of water causes a transition from one liquid crystalline phase to another). Hydration of a single phase without a phase transition can in principle be driven by entropy, by enthalpy, or by entropy and enthalpy simultaneously. 1 Hydration with a phase transition can be driven either by enthalpy or by entropy but not by both potentials simultaneously 1 (the enthalpic and entropic characteristics of isothermal phase transitions are not independent).
One issue extensively discussed in the literature is the driving force underlying the hydration of surfactants without phase transitions at low water contents (or at low interlamellar distances in lamellar structures). There are two different concepts used to describe the hydration at low water contents: one concept describes the hydration as entropy driven, making use of the so-called "protrusion forces". [2] [3] [4] According to this idea, the hydration is caused by the thermal motion of the surfactant moleculessthe surfactant molecules protrude into the water layer, giving rise to a repulsive force between the bilayers.
According to another concept, 5, 6 hydration of bilayers is driven by enthalpy. The forces that arise from strong interactions between water molecules and surfactant or lipid headgroups are commonly called "hydration forces". Several studies of surfactant and lipid systems [7] [8] [9] showed that the hydration in those systems is endothermic and therefore driven by entropy. These results were in agreement with the concept of the protrusion forces. On the other hand, there is data in the literature indicating that the hydration of dimethyldodecylamine-N-oxide ( Figure 1 ) is driven by enthalpy. 10 A method that can directly measure enthalpic and entropic parameters of hydration is the method of sorption calorimetry. [11] [12] [13] Using this method, one can directly measure the partial molar enthalpy of mixing of water and the partial molar entropy of mixing of watersthe parameters that quantitatively characterize the driving forces of hydration. Here, we report a sorption calorimetric study of the hydration of DDAO. The driving forces of hydration and of the phase transitions are discussed. The phase diagram of the system DDAO-water determined calorimetrically is also presented.
Materials and Methods
DDAO, 98% purity, was purchased from Aldrich Chem. Co. It was dried in a vacuum in contact with 3 Å molecular sieves during 24 h prior to use. To prevent sorption of water by the surfactant, the transfer of the sample from the vacuum-drying pistol to the calorimetric cell was performed in dry nitrogen atmosphere.
Sorption calorimetric experiments were conducted in a twochamber sorption calorimetric cell inserted in a double-twin microcalorimeter. 11, 12 The studied samples were placed in the upper chamber, while in the lower chamber pure water was injected. When desorption calorimetric experiments were performed, the hydrated sample was placed in the upper chamber, while in the lower chamber a salt solution was injected. The salt solution was used as a vapor sink. 13 The activity of water in the sorption experiments was calculated as described in ref 14. For accurate calculation of the partial molar enthalpy of mixing of water, the sorption calorimeter was calibrated using magnesium nitrate as a standard substance. 15 DSC experiments were done using a differential scanning calorimeter DSC220 from Seiko Instruments in different temperature ranges between 10 and 200°C. Samples with masses from 2 to 15 mg were put into aluminum pans and then hermetically sealed. Most of the samples were studied using a scan rate of 1°C/min. In some cases, other scan rates, such as 0.5 and 2°C/min were used. Masses of the pans were controlled before and after the experiments.
Results and Discussion
We have performed sorption calorimetric experiments at 25, 40, and 60°C and desorption experiments at 25°C using normal water. We also performed sorption calorimetric experiments using heavy water at 25°C. The data on water activity and the partial molar enthalpy of mixing of water obtained in sorption experiments at all studied temperatures, as well as some DSC data, are presented in the Supporting Information. In what follows, we will use some of these data to discuss the solidstate behavior of DDAO, the driving forces of the hydration of liquid crystalline phases without phase transitions, and, finally, the driving forces of the phase transitions found in this system and the binary phase diagram.
Solid-state Behavior of DDAO. One of the key problems of the phase behavior of DDAO is the formation and stability of its monohydrate. Sparrman and Westlund 16 referring to Lutton 17 claimed that the monohydrate is not destroyed even after drying in a vacuum. Since they assumed that the sample dried in a vacuum was a monohydrate, the water-to-DDAO mole ratio was presented as a sum of a weighed mole ratio and 1, where 1 mol of water comes from the monohydrate. Nevertheless, Lutton 17 reported that DDAO could be completely dried by refluxing in hexane with a moisture trap. For the following reasons, we suggest that the sample we used was not a monohydrate but dry surfactant. First, the supplier of the chemical claimed that it was in the waterless state, and the elementary analysis provided by the supplier was consistent with this statement. Second, we dried the sample in a vacuum over 3 Å molecular sieves, which is an efficient drying procedure used to dry such hydrophilic substances as proteins. 18 Third, our data on water sorption on DDAO (see the discussion below) also show that the sample was not a monohydrate.
All the sorption calorimetric experiments performed on the DDAO-water system can be divided into two groups, representing two different ways of hydration of this surfactant. In one group of the experiments, abrupt changes of both water activity ( Figure 2 ) and partial molar enthalpy of mixing of water ( Figure 3 ) were observed at a water/DDAO mole ratio of 1. In the other group of experiments (shown with dashed curves in Figures 2 and 3) , no changes were registered at this composition.
Note that, at higher water contents, the values of a w and H w m were very similar for both groups of experiments. This means that the water content in the dried initial samples used in the two groups of experiments was practically the same. The abrupt changes of both measured thermodynamic parameters at a mole ratio of 1 can only be explained by the formation of a monohydrate in the first group of experiments. This clearly shows that the initial sample was not a monohydrate but a water-free surfactant.
In the curves recorded in the experiment with monohydrate formation, there are two plateaus, corresponding to two different two-phase regions. The first one (from 0 to 1 water per surfactant) is the formation of the monohydrate from the anhydrous DDAO. The high noise observed in both activity and enthalpy curves in this composition range is due to slow kinetics of this reaction since both anhydrous surfactant and the monohydrate are solid substances (and probably centers of nucleation are required for the reaction). The next regime (from 1 mol/mol) does not show that much noise because the melting of the monohydrate into a liquid crystalline phase goes without kinetic problems. When hydration occurred without the formation of a monohydrate (dashed curves in the Figures 2 and 3) , the plateaus in the curves corresponded to the direct formation of a liquid crystalline phase from the dry surfactant.
Since there are two ways with which the hydration of DDAO can occur (with formation of monohydrate and without), a question arises: which way represents the stable equilibrium process and which way represents a metastable process? To answer this question, one has to compare the Gibbs energies of the system in these two processes. The total Gibbs energy of a binary system consists of two contributions: the first one depends on the properties of pure compounds at the given temperature and pressure and the second one is the Gibbs energy of mixing (G m ). The first contribution is the same in both processes, therefore we will compare G m of the system in the two processes. The Gibbs energy of mixing can be calculated in the following way
In both of the two considered ways, the hydration of DDAO occurs through two-phase equilibria, where water activities are constant. However, in the real experimental data, the plateaus corresponding to the two-phase situations are not perfectly flat ( Figure 2 ) due to the kinetics of sorption and the heat conduction in the calorimeter. Therefore, in the integration of water activity, we did not use the experimental curves but only constant values of a w , obtained from these curves. The plot of G m of the system during the two different ways of hydration with respect to water content is presented in Figure 4 . From the plot, it appears that the Gibbs energies of the system when the monohydrate is formed are lower than the Gibbs energies of the system observed without the formation of the monohydrate. Therefore, the hydration of DDAO with the formation of monohydrate is the equilibrium path, while the direct transition from the dry surfactant to the liquid crystalline lamellar phase is a metastable process.
Driving Forces of the Hydration of the Liquid Crystalline Phases. For many surfactants and lipids it has been shown that their hydration is driven by entropy. [7] [8] [9] In contrast to this, Mol et al. 10 after measuring water activity in the DDAO-water system at two different temperatures 18 and 49°C have concluded that the hydration is driven by enthalpy and the hydration forces are more important than the steric-protrusion force. The sorption calorimetric method is another way to determine the driving forces of hydration. Its main advantage is that all the needed data are collected at one temperature and two sets of data (enthalpy and water activity) are recorded simultaneously. This allows one to calculate the entropy of mixing, thus separating enthalpic and entropic contributions to Gibbs energy of mixing.
The results of the measurements of the partial molar enthalpy of mixing of water H w m and the partial molar entropy of mixing of water S w m in an experiment with normal water at 25°C in the concentration region of liquid crystalline phases are presented in Figure 5 . The two peaks at approximately 81 and 85 mol % of water are transitions from lamellar to cubic and from cubic to hexagonal phases, respectively. From the enthalpy plot, one can see that H w m is negative (exothermic) in the lamellar phase, while in the cubic and the hexagonal phases H w m is positive (endothermic). While the signs of H w m are different in different phases, S w m is positive in all one-phase regions formed by liquid crystalline phases of the system at these conditions (dashed curve in Figure 5 ). This means that entropy is one of the driving forces of hydration in all of the liquid crystalline phases of this system. In the cubic and hexagonal phases, hydration is enthalpically unfavorable and is driven only by entropy. In the lamellar phase, however, hydration is driven by both enthalpy and entropy. The driving forces of hydration of the liquid crystalline phases of the system DDAO-normal water at 25°C are summarized in Table 1 . These results are in partial agreement with the results of Mol et al. 10 Both studies show that the hydration of the lamellar phase is exothermic. However, for the cubic and hexagonal phases, the two studies provide opposite signs of H w m (although the absolute values of H w m are rather low according to our data). We suggest that the reason for the difference lies in the fact that in ref 10 the enthalpy was calculated from the temperature dependence of water activity using only two temperatures: 18 and 49°C. This temperature range is rather wide, and since the phase boundaries of the cubic phase in this system have substantial slopes (see the phase diagram section below), a phase transition could occur between the two temperatures. A phase transition does not allow for interpretation of the positive dependence of the water activity The exothermic enthalpy of the hydration of the lamellar phase is not the only parameter that differs the hydration of DDAO from that of other surfactants. Another interesting feature is the shape of the H w m curve in the concentration region of the lamellar phase. The enthalpy curves obtained during the hydration of lamellar phases in other surfactant systems are featureless horizontal lines. 7, 8, 19 In the case of DDAO, the enthalpy of hydration of the lamellar phase significantly increases with water content and has a shallow maximum followed by a minimum (Figure 6 ). Similar results were obtained in experiments with heavy water at 25°C: the shape of the enthalpy curve was similar but the absolute values were lower (more exothermic). Interestingly, the difference in the compositions of the maxima and the minima at all studied temperatures is 0.5 water molecules per DDAO molecule. Moreover, all of the shallow peaks appear approximately at halfinteger values. These facts show that the interactions of the DDAO molecule with water molecules are strong (stronger than those in other studied nonionic surfactant systems). This observation is rather interesting, since in the DDAO molecule there is only one polar atom that can interact with water molecules (the oxygen atom), while in glucosides and maltosides (that feature endothermic hydrations of the lamellar phases 7, 8, 19 ) there are many oxygen atoms. The reason for strong DDAOwater interactions is probably to be found in the high polarity of the nitrogen-oxygen bond of this surfactant, which makes the oxygen atom highly charged and therefore strongly interacting with water. The minima on the enthalpy curves coincide with the minima on the entropy curves, which indicates that the DDAO-water mixtures corresponding to the minima are more energetically favored and more ordered than other compositions. The compositions corresponding to the minima can be extra stabilized because of formation of hydrogen-bonded complexes of water with DDAO. The formation of such complexes can be expected at integer water/DDAO mole ratios or half-integer ratios (if one water molecule is shared between two surfactant molecules).
At higher temperatures, both the maxima and the minima on the enthalpy curves are displaced to higher water contents compared with their positions at 25°C. This fact can be explained by the interplay between enthalpic water-DDAO interactions and entropic interactions of the hydrocarbon chains. The hydrated headgroups can be considered as complexes of the hydrophilic moiety of the surfactant and water molecules.
The relative stability of the complexes depends not only on DDAO-water interactions but also on interactions between surfactants. At higher temperatures, the disorder in the chains leads to an expansion of the hydrophilic layer in the plane of surfactant headgroups, thus increasing the area per headgroup. Since water-surfactant complexes can occupy more space at higher temperatures, the complexes with a higher number of water molecules become more stable at higher temperatures and hence the minima on the enthalpy curves move to higher water contents.
Another interesting observation concerned with the DDAOwater interactions was made by Sparrman and Westlund 20 in an NMR study of the lamellar phase in DDAO-2 H 2 O mixture. They noticed that the correlation time τ c increases with temperature. To explain this, Sparrman and Westlund 20 interpreted τ c as a weighed sum of two different correlation times: τ c ) P 1 τ 1 + P 2 τ 2 , where P 1 is the fraction of "bound" water. However, this explanation implies that the amount of bound water increases with temperature, which in the general case is not expected. Nevertheless, the temperature dependence of the position of the minimum on the enthalpy curve ( Figure 6 ) can be interpreted from the point of view of the amount of bound water. In a hydrogen-bonded complex of DDAO and water corresponding to a minimum on the enthalpy curve, most of the water molecules can be considered as bound. At higher water contents, more water molecules are not bound. Since the minimum on the enthalpy curve shifts toward higher water contents at high temperatures, the amount of bound water is higher at higher temperatures.
The key argument in the discussion presented above is the strong interactions between the DDAO headgroup and water molecules. To prove this, we are currently performing ab initio calculations of DDAO-water hydrogen-bonded complexes (to be presented elsewhere). The preliminary results of the calculations show that the hydrogen bonds between DDAO and water are stronger than between water molecules. This fact explains the exothermic values of the hydration of this surfactant at low water contents. Still, further studies are needed to obtain a detailed molecular-level picture that leads to the specific shape of the curves of H w m in the lamellar phase of the DDAO-water system.
Driving Forces of the Phase Transitions in the DDAOWater System. Unlike hydration without formation of a new phase, hydration-induced phase transitions can be driven only by enthalpy or by entropy but not by both enthalpy and entropy simultaneously. 1 The melting of crystalline phases is usually driven by entropy, transitions to liquid crystalline phases with higher curvatures are driven by enthalpy, and transitions to phases with lower curvatures (for example, transitions from lamellar phases to reverse phases) are driven by entropy. 1 The parameter that can be used to quantify the driving forces of phase transitions is the enthalpy term of the van der Waals differential equation 1, 7, 21 where superscripts 1 and 2 denote two different phases and ∆x 1f2 is the width of the two-phase region expressed in mole fraction. This parameter can be written in terms of entropy Equation 3 shows that the enthalpic and entropic characteristics of isothermal phase transitions are not independent. If a 
transition is driven by enthalpy (H 1f2 < 0), then the entropy term S 1f2 is also negative; in other words, the transition is entropically unfavorable. If both H 1f2 and S 1f2 are positive, then the transition is driven by entropy. The van der Waals differential equation
can be used to calculate the slopes of the phase boundaries from the isothermal data. It can also be used to calculate the enthalpy term H 1f2 from the data on the slope of the phase boundary. At isothermal-isobaric conditions, it can be written in the following form
The enthalpy term of the van der Waals differential equation can be obtained from the sorption calorimetric data 15 where r is the water/surfactant mole ratio and x s is the mole fraction of surfactant. According to eq 6, H 1f2 is the area under the peak on the enthalpy vs mole ratio curve multiplied by the mole fraction of the studied substance (in the present case DDAO) in the second phase. The enthalpy and entropy terms H 1f2 and S 1f2 calculated for the phase transitions in the system DDAO-water at 25°C using eq 6 are presented in Table 2 . One has to note that, in the cases when the first phase is a solid phase, the baseline level H w m(1) cannot be seen. In those cases (marked with a letter "c" in Table 2 ), the baseline was taken to be zero, and the obtained values of H 1f2 and S 1f2 should be considered as approximate. Table 2 shows that the transitions from the solid phases (dry surfactant or monohydrate) to the lamellar liquid crystalline phase are driven by entropy (H 1f2 and S 1f2 are positive). These phase transitions can be considered as a "melting" of the solid crystalline phases which should be endothermic. For the other three phase transitions, H 1f2 and S 1f2 are negative and thus the transitions are driven by enthalpy. In the case of formation of the monohydrate from the dry surfactant, the exothermic heat effect arises from the formation of strong hydrogen bonds between DDAO and water. In the case of the transition between liquid crystalline phases, the entropic and enthalpic effects are caused by curvature changes. In both transitions (from the lamellar to the cubic and from the cubic to the hexagonal phases), the curvature increases. As a result of the increase of curvature, the geometry of the phase becomes better adjusted to the geometry of the hydrated surfactant molecules (which have a large area per headgroup), which produces an exothermic heat effect and thus a negative H 1f2 . From the entropic point of view, when curvature increases, the tails become more confined inside the hydrophobic part of the phase 1 and the entropy decreases (S 1f2 is negative).
Having equilibrium data on a w and H w m as functions of water content, one can analyze the driving forces of the phase transitions caused not only by hydration but also by dehydration. As long as the data on a w and H w m are equilibrium data, then the actual way of obtaining them (by sorption or desorption of water) does not matter. In the case of dehydration, the driving forces of a phase transition should be seen through the sign of H 2f1 , where the water content in phase 2 is higher than that in phase 1. Relabeling the phases in eq 6, one gets the expression for H 2f1
From Table 2 , one can see that the parameters H 1f2 and H 2f1 for the considered phase transitions have opposite signs but different absolute values. The dehydration-induced transitions from the lamellar liquid crystalline phase to the solid phases are driven by enthalpy (crystallization is exothermic), and dehydration of the monohydrate is driven by entropy (arises from the release of water of crystallization). The transitions between liquid crystalline phases (from the phases with higher curvature to the phases with lower curvature) are driven by entropy (the number of microstates available for the tails in a less confined structure increases).
As was mentioned above, the value of the enthalpy term of the van der Waals differential equation H 1f2 or H 2f1 (and the driving forces of the phase transitions) can also be determined from the slopes of the phase boundaries and the water activity data (see eq 5). Here, we demonstrate this for the transition between the cubic phase and the hexagonal phase at 25°C. The data on the water activity at 25, 40, and 60°C are presented in Figure 7 (the data on several temperatures are needed to calculate the slopes of the phase boundaries dT/dx). At 25°C, the derivatives of the water activity with respect to the water content da w /dx w are 4.04 and 3.74 for the cubic and the hexagonal phases, respectively. The slopes of the phase boundaries for the transitions cub f hex and hex f cub are almost equal (about 1250 K). The results of the calculations of the enthalpy terms using eq 5 are H 1f2 ) -171, for the transition from the cubic to the hexagonal phase, and H 2f1 ) 169, for the transition from the hexagonal to the cubic phase. These values are in a good agreement with the values calculated form H w m presented in the Table 2 (especially taking into account the high uncertainties in the values of ∆x and dT/dx).
In Table 2 , we did not include any data on the transition between the hexagonal phase and the isotropic micellar solution which takes place upon further addition of water. This transition could not be observed in our calorimetric experiments, including experiments performed using the method of desorption calorimetry 13 specially developed for studies of samples with high water contents. Still, the transition takes place: a sample that (2) T,°C aw 
) -
contains 30 wt % of DDAO is a liquid, and a sample that contains 40 wt % of DDAO is a hexagonal phase, in agreement with the phase diagrams published in earlier studies. 10, 17, 22, 23 The reason the transition to the micellar phase is not seen in the sorption calorimetric experiments is the combination of two factors. The first factor is the high water activity. The plateau on the activity curve corresponding to the phase transition cannot be seen because the water activity is close to 1 and therefore does not have any significant slope. The second factor is a very low value of H 1f2 for this transition. The value of the enthalpy and entropy involved in this transition is low because of two effects acting in opposite directions. One effect is a small increase of curvature in the finite micelles compared with the infinite cylinders of the hexagonal phase, resulting in a decrease of the entropy because of the small increase of the confinement of the hydrocarbon tails. The other effect is the formation of micelles that have motional freedom and therefore are more disordered compared with the cylinders in the hexagonal phase; this effect increases the entropy. Still, many properties of the cylinders in the hexagonal and the micellar phases are very similar which decreases the absolute value of H 1f2 even further. According to eq 5, the zero value of H 1f2 should give an infinite slope of (dT/dx) (1) , that is, vertical phase boundaries. The phase diagrams published earlier 10, 17, 22, 23 show that the phase boundaries between the hexagonal and the isotropic micellar phases are indeed close to vertical (see also Figure 8 ). DSC and the Phase Diagram. The phase diagram of the DDAO-water system was presented in several publications. 10, 17, 22, 23 Still most of them are adapted from the work of Lutton published in 1966. All of the phase diagram of this system show the phase behavior of DDAO at low water contents rather schematically. The data obtained in the present work allows us to improve the phase diagram of the DDAO-water system.
Using sorption calorimetry, one can register most of the phase transitions in the binary system. Still, a sorption calorimetric experiment is performed under isothermal conditions, therefore isothermal phase transitions, such as eutectic and peritectic transitions cannot be seen using this method. Combination of sorption calorimetry with differential scanning calorimetry (DSC) allows us to resolve all the phase transitions and to obtain the whole binary phase diagram. The DDAO-water phase diagram obtained using the two calorimetric methods is presented in Figure 8 .
One has to note that at high temperatures amine oxides are not stable and are chemically degraded. 24 Therefore, all of the phase transitions observed in this system at temperatures above 100°C are influenced by chemical degradation of the surfactant. For example, the melting point of the anhydrous DDAO (shown in the phase diagram as 110°C) was sensitive to the DSC scan rate and was much broader than a typical melting point of a pure substance. Moreover, we observed a significant endothermic heat effect produced by the dry sample in the isothermal regime of the DSC experiment near the melting point. These observations indicate that the melting of the solid DDAO was partly caused by its chemical degradation. At higher water contents, some of the transitions above 100°C were exothermic, that is, caused by a chemical reaction and therefore are not shown in the phase diagram.
The most complicated phase behavior in this system is at the low water content region of the phase diagram. In the beginning of the article, we discussed the existence of the monohydrate of DDAO. The monohydrate exists at 25°C, but at higher temperatures, it was not observed. Therefore, at low temperatures, the lamellar liquid crystalline phase is formed from the monohydrate, and at higher temperatures, it is formed directly from the dry surfactant. The point of the transition between the two regimes of the formation of the lamellar phase is a peritectic point. Above this point, the monohydrate does not exist. On DSC scans, the peritectic point is seen as a prominent peak. Interestingly, the temperatures corresponding to the peak are higher at water contents above the monohydrate composition than at water contents below the monohydrate composition: 47 and 44°C, respectively (because of the specific shapes of the baselines, the temperatures were determined as maxima on the DSC curves). This may be explained by superheating of the monohydrate above the peritectic point. Above this point, the biphasic system dry DDAO + the lamellar phase has a lower Gibbs energy than the biphasic system monohydrate + the lamellar phase, but the absence of centers of nucleation of the dry phase prevents the transition up to 47°C
. One has to note that in some DSC scans we observed nonreproducible peaks at other temperatures, for example, at 34°C. This can indicate an existence of some other, probably metastable, solid-state forms in this system.
The phase boundary between the cubic and the hexagonal phase was determined by both sorption calorimetry and DSC; the results obtained by the two methods are in a good agreement. The transition from the lamellar to the cubic phase observed by sorption calorimetry was slightly shifted to higher water contents, because the formation of the cubic phase is kinetically hindered. The same effect was observed during hydration of -octyl-glucoside. 7 Therefore, the phase boundaries between the lamellar and the cubic phases in the phase diagram ( Figure 8 ) were drawn using DSC data. Still, the DSC and the sorption calorimetric data show the same slope of the phase boundary (the meaning of the slopes of the phase boundaries was discussed in the previous section). The phase boundary between the hexagonal and the isotropic micellar phase was not detected in the calorimetric measurements and was taken from ref 23.
Conclusions
We have performed a sorption calorimetric and DSC study of the hydration of the dimethyldodecylamine-N-oxide system. The main results are the following:
• Hydration of the lamellar, cubic, and the hexagonal liquid crystalline phases in this system is driven by entropy (S w m > 0).
• Hydration of the lamellar liquid crystalline phase at 25°C is also driven by enthalpy (H w m < 0), while for the other two phases H w m is positive.
• The reason for the exothermic heat effect of the hydration of the lamellar phase is the strong interactions between the surfactants' headgroups and water molecules.
• The hydration-induced phase transitions between the liquid crystalline phases in DDAO-water system are driven by enthalpy: H 1f2 < 0, S 1f2 < 0.
• The formation of a lamellar liquid crystalline phase from the solid phases is entropically driven, while the formation of the monohydrate from the dry surfactant is driven by enthalpy.
• The enthalpy and entropy effects of the transition from the hexagonal phase to the liquid micellar phase are close to zero.
• The analysis of the phase diagram determined in the present study based on the van der Waals differential equation confirms the calorimetric data on the driving forces of the phase transitions.
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